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ABSTRACT
2MASS JHKs data are used to infer the reddening and distance of open clusters for which
limited optical data are available. Intrinsic ZAMS color-color and color-magnitude relations are
derived with reference to existing calibrations, standard stars, three uniformly-reddened clusters:
Stock 16, NGC 2362, and NGC 2281, and unreddened Hyades dwarfs. The method of inferring
interstellar reddening and distance for sparsely-populated open clusters is applied to Berkeley
44, Turner 1, and Collinder 419, for which existing results conflict with those inferred from
JHKs data. The last two clusters are of special interest: Turner 1 because it hosts the Galaxy’s
longest-period classical Cepheid, and Collinder 419 because it lies in the Cygnus X complex.
Subject headings: methods: data analysis—stars: Hertzsprung-Russell and color-magnitude diagrams—
Galaxy: open clusters and associations: individual—ISM: dust, extinction.
1. Introduction
The introduction of CCD detectors to photo-
metric studies of open clusters has led to signifi-
cant improvements in the accuracy and precision
of data for faint cluster stars observed previously
via photoelectric or photographic techniques. The
tradeoff is a low efficiency and associated steep
wavelength dependence for such detectors in the
blue-violet region, limiting photometric accuracy
in the traditional ultraviolet filters: the Johnson
system U-band and the Stro¨mgren system u-band.
Color corrections for observations in the ultravio-
let become non-linear and multi-valued in that sit-
uation, particularly for hot stars that display a siz-
able Balmer discontinuity superposed on their con-
tinuum (see, for example, Moffat & Vogt 1977).
Many recent open cluster studies have therefore
been restricted to observations in the BVRI bands,
or simply the BVI or VRI bands.
The intrinsic relations for OB stars and GK
dwarfs in color-color diagrams restricted to such
systems are nearly parallel to the reddening vec-
tors for interstellar extinction (Caldwell et al.
1993), posing difficulties for establishing the red-
dening of cluster stars (see Carraro & Costa 2009).
AF stars can be studied in such fashion (e.g.,
Turner et al. 2011), but that would limit photo-
metric studies in BVRI to intermediate-age clus-
ters with their main sequences consisting of un-
evolved 1–2 M⊙ stars. Even in such cases, an
accurate knowledge of the interstellar reddening
of member stars is essential for the reliable es-
tablishment of distance and age (Turner 1996),
which means that the photometric study of many
clusters may be limited by the nature of the filter
bands employed for the observations. Some re-
searchers studying intermediate-age and old clus-
ters have therefore adopted an alternate approach
to establish cluster intrinsic parameters, by iden-
tifying a putative red giant clump in cluster color-
magnitude diagrams arising from the He-burning
stage of low-mass red giants (Cannon 1970) and
inferring the reddening, age, and distance of a clus-
ter through optimized fitting of model isochrones
to the data (e.g., Carraro, Vallenari & Ortolani
1995; Carraro & Munari 2004).
There are two problems associated with such
an approach. First, the dependence of the fit-
ting technique on model isochrones may bias the
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results. Second, the most frequently encoun-
tered stars along most Galactic lines of sight tend
to be K giants and A dwarfs (McCuskey 1965,
1970), which are also the most luminous members
of intermediate-age open clusters. As noted by
Burki & Maeder (1973), simulations of UBV pho-
tometry for unrelated stars lying in typical Galac-
tic star fields can generate color-magnitude dia-
grams containing pseudo-main sequences similar
to those of true open clusters. The presence of
physically-unrelated A dwarfs and K giants along
typical Galactic lines of sight may therefore gen-
erate features in open cluster color-magnitude di-
agrams, A dwarfs and G giants or FG dwarfs and
K giants, in similar locations to those found in
the color-magnitude diagrams of intermediate-age
or old open clusters, respectively. The photomet-
ric properties of foreground or background stars
in some open cluster fields could therefore be mis-
taken for the characteristics of an old open cluster
color-magnitude diagram, thereby biasing studies
of clusters tied to the red clump method.
An independent means of establishing clus-
ter membership (e.g., star counts, proper mo-
tions, or radial velocities) and especially red-
dening for cluster stars is therefore essential for
avoiding incorrect conclusions about cluster pa-
rameters. The ready availability of JHKs pho-
tometry (Cutri et al. 2003) from the Two Mi-
cron All Sky Survey (2MASS, Skrutskie et al.
2006) for Galactic star fields offers one such
means, since it addresses the primary parame-
ter vital for open cluster studies: the amount
of foreground reddening of cluster stars (e.g.,
Maciejewski, Mihov & Georgiev 2008). Presented
here are examples of star clusters, Berkeley 44,
Turner 1, and Collinder 419, for which the method
addresses potential incorrect choices of cluster pa-
rameters based solely on optical photometry.
2. JHKs Intrinsic Relations
The effective wavelengths for the 2MASS JHKs
system, 1.235 µm, 1.662 µm, and 2.159 µm, re-
spectively, are fairly close to those for the older
JK system of Johnson (1968) and the JHK system
studied by Koornneef (1983), and observations
with the JHK and Ks filters are standardized in
fairly similar fashion. The main source of difficulty
is likely to be the presence of atmospheric abso-
Fig. 1.— Intrinsic (V–K)0 (filled squares), (V–H)0
(open circles), and (V–J)0 (filled circles) colors for
main-sequence stars are plotted as functions of intrin-
sic (B–V)0 color from Johnson (1968) and Koornneef
(1983) in the top portion of the diagram. The adopted
relations from least squares fits are denoted by gray
curves. The lower diagram plots observed data for
photometric standards and standard stars using the
same symbols as above. Solid curves denote best fits
to the data, and differ from the predicted relations
(gray curves).
prtion features within the same photometric bands
(Milone & Young 2005, 2008), which reduces the
precision of repeated observations. Ks-band ob-
servations, and possibly H-band observations, of
stars are also suceptible to emission from circum-
stellar dust. Is it possible that the intrinsic VJK
and VJHK colors for main-sequence stars derived
by Johnson (1966, 1968) and Koornneef (1983), re-
spectively, are also applicable to the 2MASS JHKs
system? Such a possibility can be tested from
available 2MASS observations of standard stars
and stars in open clusters of known reddening.
Intrinsic JHKs colors for main-sequence stars
were initially derived here as follows. The rela-
tionships of Johnson (1966, 1968) and Koornneef
(1983) for intrinsic V–J, V–H, and V–K colors as
functions of (B–V)0 were tabulated and plotted,
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as in Fig. 1 (upper), including estimates for V–H
color from the intrinsic colors of Johnson (1966,
1968) using his tabulated values for V–J and V–K
interpolated according to the effective wavelengths
of the filters. Least squares fits to the data then
established polynomial relationships between the
colors.
The derived relationships were then tested us-
ing 2MASS data and BV observations for 19 rea-
sonably bright, nearby and unreddened, photo-
metric and spectroscopic dwarf standards, stars
with unsaturated observations in the Ursa Major
and Hyades clusters, which are both unreddened,
and stars in the young cluster NGC 2244 corrected
for differential reddening within the Rosette Neb-
ula (see Turner 1976a). NGC 2244 stars were
used in order to tie down the hot end of the se-
quence; its member stars possess excellent pho-
tometry on the UBV system (Johnson 1962) and
lie in a region of well-established reddening law
(Turner 1976a). Reddening corrections for early-
type stars were applied using UBV colors and
the relations E(J–H) = 0.295 E(B–V), E(H–Ks)
= 0.49 E(J–H), and AV = 2.427E(J − H) for
R = AV /E(B − V ) = 3.05, derived from van
de Hulst’s reddening curve No. 15 (see Johnson
1966). In addition, the observations for Hyades
stars were supplemented by data from Carney
(1982) in order to reduce the photometric scat-
ter typical of 2MASS observations. The results
are plotted in the lower portion of Fig. 1.
The observational trends of V–J, V–H, and V–
Ks are fairly similar to the predicted trends seen
in the top portion of Fig. 1, but with notice-
able offsets, particularly in V– H. The adopted
intrinsic relations were therefore established from
polynomial fits to the observational data rather
than from the predicted relations, with the results
tabulated in Table 1 for zero-age main sequence
(ZAMS) stars. The derived polynomial relation-
ships of Fig. 1 were used to derive intrinsic J–
H and H–K colors for main-sequence stars as a
function of intrinsic broad band color index (B–
V)0, and the ZAMS calibration was that of Turner
(1976b, 1979).
The intrinsic relationship for 2MASS colors in
Table 1 is similar to the intrinsic color-color re-
lation for dwarf stars in the UBV system, dis-
playing a noticeable “kink” near spectral type A0.
2MASS J magnitudes sample the Brackett con-
Fig. 2.— Unreddened JHKs colors (left) for stars in
Stock 16 and NGC 2244 (top), NGC 2362 (middle),
and NGC 2281 (bottom), and (right) for stars in the
Hyades (top), and the Ursa Major cluster (middle)
relative to the intrinsic relation for ZAMS stars (gray
curves). The lower right diagram shows the data for
stars in all clusters, except for saturated UMa stars,
combined using running 20-point means.
tinuum in hot stars, while H and Ks magnitudes
sample the Pfund continuum, so J–H color should
provide a measure of the Pfund discontinuity in
hot stars, much like U–B color provides a mea-
sure of the Balmer discontinuity. Similarly, H–Ks
color should provides a measure of stellar temper-
ature, much like B–V color does in the UBV sys-
tem. For cool stars all colors should closely track
changes in the slope of the black body continuum
in the far infrared. Interstellar reddening affects
JHKs colors much less than it does UBV colors,
but the effects of circumstellar emission are often
more important in the far infrared than in the vis-
ible region. A UBV color-color diagram plots U–B
versus B–V, for which a plot of J–H versus H–Ks
would be the closest approximation. It appears,
however, that J–H colors may display a greater
precision than H–Ks colors in 2MASS photome-
try, so the diagnostic tool used here to establish
reddening for cluster stars is a 2MASS color-color
diagram in which H–Ks is plotted versus J–H.
The intrinsic relations were tested further us-
ing the three clusters used for the calibration and
three additional clusters that lie in fields of uni-
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Table 1: Empirical JHKs calibration for ZAMS stars.
J–H H–Ks MJ J–H H–Ks MJ J–H H–Ks MJ J–H H–Ks MJ J–H H–Ks MJ
–0.129 –0.107 –2.393 0.024 0.023 1.748 0.148 0.042 3.035 0.253 0.058 4.513 0.391 0.083 5.438
–0.125 –0.104 –2.021 0.028 0.026 1.779 0.151 0.042 3.088 0.256 0.058 4.546 0.396 0.084 5.455
–0.121 –0.100 –1.749 0.032 0.027 1.810 0.154 0.043 3.142 0.259 0.059 4.568 0.400 0.085 5.481
–0.117 –0.097 –1.506 0.036 0.027 1.841 0.157 0.043 3.196 0.262 0.059 4.591 0.405 0.085 5.507
–0.113 –0.094 –1.303 0.039 0.027 1.873 0.160 0.043 3.239 0.265 0.060 4.623 0.409 0.086 5.533
–0.109 –0.090 –1.130 0.043 0.028 1.904 0.162 0.044 3.293 0.268 0.061 4.646 0.414 0.087 5.559
–0.105 –0.087 –0.976 0.047 0.028 1.926 0.165 0.044 3.337 0.272 0.061 4.668 0.419 0.088 5.584
–0.101 –0.083 –0.832 0.051 0.029 1.957 0.168 0.045 3.390 0.275 0.062 4.690 0.424 0.089 5.609
–0.097 –0.080 –0.678 0.054 0.029 1.979 0.171 0.045 3.434 0.278 0.062 4.722 0.428 0.090 5.633
–0.093 –0.076 –0.533 0.058 0.030 2.001 0.173 0.045 3.478 0.282 0.063 4.744 0.433 0.091 5.658
–0.088 –0.072 –0.388 0.062 0.030 2.023 0.176 0.046 3.521 0.285 0.063 4.776 0.438 0.092 5.681
–0.084 –0.069 –0.233 0.065 0.031 2.045 0.179 0.046 3.565 0.288 0.064 4.808 0.443 0.093 5.705
–0.080 –0.065 –0.088 0.069 0.031 2.068 0.182 0.047 3.609 0.292 0.065 4.840 0.448 0.094 5.728
–0.119 –0.045 –2.279 0.021 0.024 1.732 0.188 0.052 2.982 0.365 0.069 4.468 0.536 0.107 5.370
–0.116 –0.042 –1.912 0.026 0.025 1.761 0.193 0.052 3.035 0.370 0.070 4.500 0.540 0.108 5.386
–0.112 –0.040 –1.644 0.030 0.026 1.790 0.198 0.053 3.089 0.375 0.070 4.523 0.544 0.110 5.411
–0.109 –0.037 –1.405 0.034 0.028 1.819 0.202 0.053 3.143 0.379 0.071 4.545 0.549 0.111 5.437
–0.106 –0.035 –1.206 0.038 0.029 1.848 0.207 0.054 3.186 0.384 0.072 4.578 0.553 0.113 5.462
–0.102 –0.032 –1.037 0.043 0.030 1.878 0.212 0.054 3.240 0.389 0.072 4.600 0.557 0.115 5.486
–0.099 –0.030 –0.887 0.047 0.031 1.898 0.217 0.055 3.284 0.394 0.073 4.622 0.562 0.117 5.511
–0.095 –0.027 –0.748 0.051 0.032 1.927 0.221 0.055 3.338 0.398 0.074 4.644 0.566 0.118 5.535
–0.092 –0.025 –0.597 0.056 0.033 1.948 0.226 0.055 3.382 0.403 0.074 4.676 0.570 0.120 5.558
–0.088 –0.023 –0.457 0.060 0.034 1.968 0.231 0.056 3.426 0.408 0.075 4.697 0.574 0.122 5.582
–0.085 –0.020 –0.316 0.064 0.034 1.988 0.236 0.056 3.470 0.412 0.076 4.729 0.579 0.124 5.605
–0.081 –0.018 –0.164 0.069 0.035 2.009 0.240 0.057 3.514 0.417 0.077 4.760 0.583 0.126 5.628
–0.077 –0.016 –0.023 0.073 0.036 2.030 0.245 0.057 3.558 0.422 0.078 4.792 0.587 0.128 5.650
–0.074 –0.014 0.109 0.078 0.037 2.061 0.250 0.058 3.602 0.427 0.078 4.823 0.591 0.130 5.673
–0.070 –0.012 0.231 0.082 0.038 2.072 0.255 0.058 3.646 0.431 0.079 4.854 0.595 0.132 5.694
–0.066 –0.010 0.344 0.087 0.039 2.093 0.260 0.058 3.690 0.436 0.080 4.884 0.599 0.135 5.716
–0.063 –0.008 0.447 0.091 0.039 2.114 0.264 0.059 3.724 0.441 0.081 4.915 0.603 0.137 5.737
–0.059 –0.006 0.550 0.096 0.040 2.146 0.269 0.059 3.768 0.445 0.082 4.945 0.608 0.139 5.758
–0.055 –0.004 0.654 0.100 0.041 2.178 0.274 0.060 3.802 0.450 0.083 4.976 0.612 0.141 5.779
–0.051 –0.002 0.757 0.105 0.042 2.200 0.279 0.060 3.846 0.454 0.084 5.006 0.616 0.144 5.799
–0.047 –0.001 0.852 0.109 0.042 2.232 0.283 0.061 3.880 0.459 0.085 5.026 0.620 0.146 5.819
–0.044 0.001 0.946 0.114 0.043 2.254 0.288 0.061 3.923 0.464 0.086 5.045 0.624 0.149 5.838
–0.040 0.003 1.041 0.118 0.044 2.286 0.293 0.061 3.957 0.468 0.087 5.065 0.628 0.151 5.857
–0.036 0.005 1.116 0.123 0.044 2.328 0.298 0.062 3.991 0.473 0.088 5.084 0.631 0.154 5.876
–0.032 0.006 1.201 0.127 0.045 2.361 0.303 0.062 4.035 0.477 0.089 5.103 0.635 0.156 5.895
–0.028 0.008 1.266 0.132 0.046 2.393 0.308 0.063 4.069 0.482 0.090 5.122 0.639 0.159 5.913
–0.024 0.009 1.342 0.137 0.046 2.426 0.312 0.063 4.102 0.487 0.091 5.140 0.643 0.162 5.930
–0.020 0.011 1.408 0.141 0.047 2.469 0.317 0.064 4.136 0.491 0.093 5.159 0.647 0.164 5.948
–0.016 0.012 1.465 0.146 0.047 2.502 0.322 0.064 4.169 0.496 0.094 5.177 0.651 0.167 5.965
–0.012 0.014 1.521 0.151 0.048 2.555 0.327 0.065 4.203 0.500 0.095 5.195 0.655 0.170 5.981
–0.008 0.015 1.558 0.155 0.048 2.598 0.332 0.065 4.236 0.505 0.096 5.213 0.658 0.173 5.997
–0.004 0.017 1.585 0.160 0.049 2.651 0.336 0.066 4.270 0.509 0.098 5.240 0.662 0.176 6.013
0.000 0.018 1.612 0.165 0.049 2.704 0.341 0.066 4.303 0.514 0.099 5.258 0.666 0.179 6.028
0.005 0.019 1.640 0.169 0.050 2.748 0.346 0.067 4.336 0.518 0.101 5.285 · · · · · · · · ·
0.009 0.021 1.658 0.174 0.050 2.811 0.351 0.067 4.379 0.523 0.102 5.301 · · · · · · · · ·
0.013 0.022 1.676 0.179 0.051 2.874 0.355 0.068 4.412 0.527 0.103 5.328 · · · · · · · · ·
0.017 0.023 1.704 0.183 0.051 2.928 0.360 0.069 4.445 0.531 0.105 5.344 · · · · · · · · ·
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form interstellar reddening: Stock 16 (Turner
1985a), NGC 2362 (Johnson & Morgan 1953;
Johnson 1957; Johnson et al. 1961), and NGC
2281 (Pesch 1961), which are reddened by E(B–
V) = 0.49, 0.11, and 0.11, respectively (see Turner
1996; Johnson et al. 1961). Obvious unreddened
stars in the same fields were also included in the
samples. Fig. 2 plots 2MASS colors for stars in
the core regions of Stock 16, NGC 2362, and NGC
2281 with cited magnitude uncertainties of less
than ±0.05, corrected for their known redden-
ing or lack of reddening for suspected foreground
stars, along with similar data for Hyades and Ursa
Major cluster stars and dereddened data for stars
in NGC 2244. Data for the Ursa Major cluster
include 11 stars with observations of uncertain
quality (bright stars with saturated photometry
and blended stars). The bottom right portion of
Fig. 2 displays the data for all clusters, except for
UMa stars of poor quality, combined using run-
ning 20-point means as a function of J–H color.
The last step was made as a means of reducing
the photometric scatter in both colors.
The intrinsic relation of Table 1 appears to be
confirmed by stars in the open clusters of Fig. 2,
although there is clearly additional scatter in the
observations of individual stars that cannot be at-
tributed to differential reddening. In three of the
four reddened clusters the UBV colors display no
differential reddening, so it is unlikely to appear
in the JHKs colors unless there is some unfore-
seen component, such as circumstellar emission,
affecting the observations. A pronounced “extra”
scatter for B-type stars may have such an origin,
given the evidence for circumstellar dust associ-
ated with some rapidly-rotating late B-type stars
(Turner 1993), but it is unlikely that similar ef-
fects extend to the remaining cluster stars. It
is more reasonable to attribute the scatter to in-
trinsic uncertainties in the precision of the JHKs
magnitude estimates, which appear to be larger
than the cited values and also larger than what is
attainable from iris photometry of photographic
plates (Turner & Welch 1989). The tendency to-
ward larger scatter for the coolest stars of NGC
2362 and NGC 2281 may be a problem with mem-
bership selection.
An earlier calibration similar to that of Table 1
was derived using stars in Stock 16, NGC 2362,
and NGC 2251, with polynomial and linear fits
made to combined running 20-point means for the
data. Some of the features of the earlier calibra-
tion (see Turner et al. 2008, 2009) can be seen in
the lower right portion of Fig. 2, namely the pro-
nouned “kink” near spectral type A0 in the mean
data. But the data also match the new curved
relationship very well.
For Hyades stars the JHKs observations repre-
sent a combination of both 2MASS data and data
from Carney (1982), as noted. The colors from
both data sets display a similar scatter to that for
Stock 16 and NGC 2244 members, but is much re-
duced when the data are averaged together. There
remains a sizeable residual scatter that is slightly
larger than the cited uncertainties in the obser-
vations. Perhaps it represents an observational
limitation for ground-based observations in the
infrared imposed by variable atmospheric water
vapour content (e.g. Milone & Young 2005, 2008).
The scatter is greatly reduced in the 20-point run-
ning means, which is consistent with a problem
that is tied to the precision of the observations.
Otherwise, the intrinsic relation of Table 1 appears
to be confirmed.
The colors for cluster stars in Fig. 2 agree
closely with the derived intrinsic relation, in most
cases displaying only random scatter about it. If
there were an extra reddening component of, say,
0.01 to 0.02 in E(J–H) for the stars, the centroids
for the data would display a noticeable offset from
the intrinsic relation. Thus, despite large scat-
ter in the colors for stars in many open clusters,
it is possible to derive an observational redden-
ing for the stars from a color-color diagram by
eye, with uncertainties of no more than ±0.01
to ±0.02 in E(J–H), provided that the scatter in
such cases is random in nature. Likewise, distance
moduli derived from observational J versus J–H
color-magnitude diagrams can be derived by eye
with uncertainties typically no larger than ±0.1
to ±0.2. Such conclusions are confirmed by tests
on the many open clusters studied to date (see, for
example, Turner et al. 2008, 2009).
3. Other Open Clusters
As noted above, the intrinsic relations of Ta-
ble 1 have been tested successfully previously
(Turner et al. 2008, 2009), but three clusters of
uncertain properties were selected for further test-
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Fig. 3.— The 15′ × 15′ field of Berkeley 44 from
the Palomar Observatory Sky Survey red image of the
field. The image is centered on 2000 co-ordinates:
19:17:16, +19:33:00, the cluster center identified vi-
sually.
ing here: Berkeley 44, Turner 1, and Collinder 419.
All three clusters possess limited published optical
observations, and provide good examples of where
2MASS observations may help to clarify previous
conclusions about cluster properties.
3.1. Berkeley 44
The sparse northern hemisphere cluster Berke-
ley 44 (Fig. 3) has been identified as an old
group by Carraro, Subramaniam & Janes (2006),
although with some question about its reality be-
cause of ambiguities in the star counts and the sim-
ilarity of its color-magnitude diagram to that of
stars in the surrounding reference field. The pub-
lished co-ordinates for the cluster by Dias et al.
(2002) and Carraro et al. (2006) do not match the
optical density peak visible on the Palomar Obser-
vatory Sky Survey, and an alternate cluster center
(Fig. 3) was adopted here. The group lies more
than 3◦ from the Galactic plane, so contamina-
tion by foreground early-type stars should be rela-
tively low. However, the extreme faintness of clus-
ter stars makes it necessary to consider both high
quality and low quality 2MASS data for the field,
with uncertainties of ±0m.05 representing the de-
marcation.
The 2MASS JHKs data for Berkeley 44 (Fig. 4)
Fig. 4.— JHKs photometry for stars within 2′ of
the center of Berkeley 44 with magnitude uncertain-
ties smaller than ±0.05 (points) as well as with larger
uncertainties (plus signs). The intrinsic color-color re-
lation is depicted in gray (top), while the intrinsic rela-
tions for E(J–H) = 0.295 (E(B–V) = 1.00) and J–MJ
= 12.1 (V0–MV = 11.38) are shown as black lines. The
thin black curve is an isochrone for log t = 9.3 adapted
from Meynet et al. (1993), the thin gray curve an
isochrone of identical age from Bonatto et al. (2004).
confirm that it is an old open cluster. The cluster
color-color diagram is devoid of early-type stars
lying within 2′ of the adopted cluster center, most
cluster members being cooler late-type stars. A
few stars of inferred spectral types G and K ap-
pear to be essentially unreddened, with most stars
of spectral types F or later reddened by similar
amounts. The cluster color-magnitude diagram re-
veals a well-defined clump of red giants at J ≃ 12.2
with implied spectral types of early K, so the iden-
tification of this cluster as an old cluster is con-
firmed. The optimum fit by eye to the JHKs obser-
vations yields a reddening of E(J–H)= 0.295±0.02
(E(B–V) = 1.00±0.07) and a distance modulus of
J–MJ = 12.1 ± 0.1 (V0–MV = 11.38± 0.24), cor-
responding to a distance of d = 1.89 ± 0.21 kpc.
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The uncertainty in the intrinsic distance modu-
lus includes the uncertainty in interstellar extinc-
tion towards the cluster. The ZAMS fit is tied to
low quality JHKs observations at the faint end, so
may be less well-established than the formal un-
certainty suggests, although the implied distance
agrees closely with the value of 1.8 kpc derived
by Carraro et al. (2006). The implied cluster red-
dening is significantly smaller than the value of
E(B–V) = 1.40 ±0.10 obtained by Carraro et al.
(2006), which in any case is inconsistent with the
2MASS data unless one adopts an extreme fit to
the very reddest stars.
Berkeley 44 main-sequence members have in-
trinsic J–H colors of ∼ 0.15 or redder, indicat-
ing stars of earliest spectral type ∼F0, corre-
sponding to turnoffs for intermediate-age clus-
ters of age ∼ 109 yrs. A variety of model
isochrones near log t ≃ 9 were therefore tested
in the cluster color-magnitude diagram (Fig. 4),
with the optimum fit produced by an isochrone
of log t = 9.3, as shown, corresponding to a
cluster age of ∼ 2 Gyr. The procedure in-
volved use of the MV versus B–V isochrones pub-
lished by Meynet, Mermilliod & Maeder (1993),
adapted to the MJ versus J–H system with our
empirical link between the UBV and 2MASS
systems. An isochrone of the same age from
Bonatto, Bica & Girardi (2004) is also plotted in
Fig. 4, but deviates systematically in J–H from the
Meynet et al. (1993) isochrone, suggesting a possi-
ble problem in the conversion from logTeff to J–H
with the Padova isochrones used by Bonatto et al.
(2004). A problem arises with stars in the red
giant clump, since they are not replicated well
by either set of evolutionary models used for the
isochrones. Yet their colors are consistent with
the adopted cluster reddening. Berkeley 44 is in-
deed an old open cluster, but inferences about its
parameters derived using the larger reddening es-
timated by Carraro et al. (2006) differ from those
inferred from 2MASS observations.
3.2. Turner 1
The sparse cluster designated as Turner 1
(Fig. 5) surrounding the long-period Cepheid
S Vul was discovered during the preparation
of finder charts for Galactic Cepheids (Turner
1985b), and was subsequently studied on the basis
of photoelectric and photographic UBV photome-
Fig. 5.— The 15′ × 15′ field of Turner 1 from the
Palomar Observatory Sky Survey red image of the
field. The image is centered on 2000 co-ordinates:
19:48:26.5, +27:17:59, the cluster center identified
from star counts (Turner 1985b). S Vul is the bright
star near the center of the image.
try by Turner, Leonard & Madore (1986).
UBV photometry for stars in Turner 1 yielded
a cluster distance of 643 ± 25 pc and a redden-
ing of E(B–V) = 0.48 ± 0.02 for what appeared
to be an old group of G-type dwarfs with a pu-
tative red giant branch, although there was also
evidence for more heavily reddened B-type stars
in the same field (Turner et al. 1986). The limited
UBV data implied that Turner 1 lay foreground to
the Cepheid S Vul, which is projected near its cen-
ter, although no further tests were made, spectro-
scopic observations being restricted by the faint-
ness of cluster stars. It was noted, however, that
the putative reddened G-dwarf sequence identified
from UBV colors might be contaminated by more
heavily reddened B dwarfs.
2MASS JHKs data provide new insights into
the earlier results. It is possible to detect a sparse
group of G dwarfs (with rather large photometric
scatter) and a putative late-K giant branch in the
data, with similar parameters to the UBV study
(Fig. 6). But many of the stars in the field, and
most of the stars within 11′ of the adopted clus-
ter center, appear instead to be reddened B-type
and A-type stars (Fig. 7). A best fit by eye to the
JHKs observations for the former yields a redden-
7
Fig. 6.— JHKs photometry for stars within 4′ of
the center of Turner 1 with magnitude uncertainties
smaller than ±0.05. The intrinsic color-color rela-
tion is depicted in gray, while the intrinsic relations
for E(J–H) = 0.15 (E(B–V) = 0.51) and J–MJ = 9.7
(V0–MV = 9.34) are shown as black lines. The thin
black curve is an isochrone for log t = 9.8 adapted from
Meynet et al. (1993).
ing of E(J–H) = 0.15±0.02 (E(B–V) = 0.51±0.07)
and a distance modulus of J–MJ = 9.7± 0.1 (V0–
MV = 9.34 ± 0.24), corresponding to a distance
of d = 0.74 ± 0.08 kpc, values that are reason-
ably consistent with those obtained for the clus-
ter from UBV photometry. The model isochrone
from Meynet et al. (1993) that best fits the ob-
servations has log t = 9.8, implying a cluster age
of ∼ 6 Gyr, although the red giants are displaced
redward of that isochrone, much like the case for
Berkeley 44 red giant clump stars. Conceivably
a refined empirical calibration of 2MASS intrin-
sic colors that includes a separate relation for red
giant stars could eliminate the problem. There ap-
pear to be large numbers of M dwarfs lying along
the line of sight to the cluster.
The implied best fit by eye to the JHKs ob-
servations for the group of reddened B-type stars
Fig. 7.— The same as Fig. 6 but for E(J–H) = 0.29
(E(B–V) = 1.02) and J–MJ = 13.2 (V0–MV = 12.47),
shown as black lines. Small plus signs denote addi-
tional stars within 11′ of the cluster center inferred to
be B-type and A-type stars, with no restriction on pho-
tometric uncertainties. The star symbol corresponds
to the Cepheid S Vul.
yields a reddening of E(J–H) = 0.30± 0.02 (E(B–
V) = 1.02 ± 0.07) and a distance modulus of J–
MJ = 13.2 ± 0.2 (V0–MV = 12.47 ± 0.29), cor-
responding to a distance of d = 3.12 ± 0.42 kpc.
Similar values were used by Turner (2010) with an
earlier version of the 2MASS calibration to estab-
lish very reasonable estimates for the reddening
and luminosity of the 68d Cepheid S Vulpeculae
as a possible cluster member.
S Vul is represented by the star symbol in Fig. 7.
In the present instance the results imply intrin-
sic parameters of (〈B〉 − 〈V 〉)0 = 0.87 ± 0.07 and
〈MV 〉 = −6.86 ± 0.29 for the Cepheid, close to
what would be predicted empirically (see Turner
2010). The angular brackets denote intensity
means. Spectroscopic observations are essential
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Fig. 8.— The 15′ × 15′ field of Collinder 419 from
the Palomar Observatory Sky Survey red image of
the field. The image is centered on 2000 co-ordinates:
20:18:08, +40:42:42, the adopted cluster center. HD
193322 is the bright star north of the center of the
image.
for confirming the picture implied by the 2MASS
observations, since star counts for stars identi-
fied photometrically as B dwarfs display only a
marginal concentration towards the cluster core.
It appears that the main concentration of stars
in Turner 1 corresponds to the old, sparse, fore-
ground cluster identified in Fig. 6, with contami-
nation by a young group of background B-dwarfs
located along the same line of sight.
3.3. Collinder 419
Collinder 419 is a sparse group of stars (Fig. 8)
of small angular diameter (4′.5 according to
Collinder 1931) associated with the massive O9
V((n)) double star HD 193322 (Walborn 1971).
Collinder estimated a distance of 1470 pc for the
group from its angular diameter, while Gies et al.
(2010) used astrometric and photometric data
from the UCAC3 catalogue for bright stars in the
field to derive a distance of d = 741± 36 pc, with
a reddening of E(B–V) = 0.37 ± 0.05. Included
as a possible member of the group was the M3 III
star IRAS 20161+4035.
The cluster does not stand out well at optical
wavelengths, but we were able to detect a slight
density enhancement visually and estimate a crude
Fig. 9.— JHKs photometry for stars within 5′ of
the adopted center for Collinder 419 with uncertain-
ties smaller than ±0.05. The intrinsic color-color re-
lation is depicted in gray, while the intrinsic relations
for E(J–H) = 0.39 (E(B–V) = 1.32) and J–MJ = 11.7
(V0–MV = 10.75) are shown as black lines.
center of symmetry at 2000 co-ordinates: 20:18:08,
+40:42:42, close to the coordinates estimated by
Collinder. The cluster also appears as a set of
reddened B-type stars in available 2MASS JHKs
photometry for stars lying within 5′ of that cen-
ter of symmetry (Fig. 9), reasonably consistent
with Collinder’s inferred dimensions. A best fit
by eye to the JHKs data yields a reddening of
E(J–H) = 0.39 ± 0.02 (E(B–V) = 1.32 ± 0.07),
significantly larger than the value estimated by
Gies et al. (2010), a distance modulus of J–MJ =
11.7±0.2 (V0–MV = 10.75±0.28), and an inferred
distance of d = 1.42±0.18 kpc, which is also larger
than the Gies et al. (2010) value, although con-
sistent with a location within the young complex
of stars and H II regions (including Berkeley 87,
Turner et al. 2010) associated with the Cygnus X
region at ∼ 1.2 kpc. In this case the 2MASS data
provide a more solid basis for the reality of the
group than the UCAC3 data, although they do not
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Table 2: Deduced parameters for clusters analyzed by JHKs photometry.
Cluster E(J–H) E(B–V) J–MJ V0–MV d (kpc)
Berkeley 44 0.295 ± 0.02 1.00 ± 0.07 12.1 ± 0.1 11.38 ± 0.24 1.89 ± 0.21
Turner 1a 0.15 ± 0.02 0.51 ± 0.07 9.7± 0.2 9.34± 0.29 0.74 ± 0.08
Turner 1b 0.29 ± 0.02 1.02 ± 0.07 13.2 ± 0.2 12.47 ± 0.29 3.12 ± 0.42
Collinder 419 0.39 ± 0.02 1.32 ± 0.07 11.7 ± 0.2 10.75 ± 0.28 1.42 ± 0.18
address the possible membership of HD 193322.
The cluster does not show up as a significant
density enhacement from star counts, and it is
conceivable that Collinder 419 represents merely
a clump in one of the many OB associations seen
along the direction of the Cygnus arm.
4. Discussion
Table 2 summarizes the results of the present
study of four open clusters using 2MASS obser-
vations. Most of the inferred parameters for the
clusters differ from published results tied to opti-
cal photometry, although those for Turner 1 were
considered as an alternate possibility in the study
by Turner et al. (1986). In each case the optical
photometry was limited by the faintness of clus-
ter members arising from large interstellar redden-
ing, which is where JHKs photometry has advan-
tages over optical band photometry. The point
to emphasize, however, is that JHKs observa-
tions of cluster stars often provide relatively com-
plete samples that can be used to infer reason-
ably accurate estimates for the all-important in-
terstellar reddening toward the cluster, in most
cases in more straightforward manner than what
is often used for optical band BVRI observations.
Once the reddening is known, ZAMS fitting, or
isochrone fitting in some cases, can then be used
to derive the distance to the cluster. That is true
despite the relatively low intrinsic precision of ex-
isting 2MASS data for most Galactic fields.
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